The energetic and electronic properties of various P doping configurations at the rutile TiO 2 (110) surface are investigated by first-principles density functional theory (DFT) calculations. Several substitution and adsorption configurations for P impurities at the surface and the subsurface are considered. The stability of the P-doped systems is compared on the basis of the calculated formation energy and adsorption energy. Our calculated results indicate that the P impurities replace surface Ti atoms preferentially under O-rich growth conditions，and surface O atoms under
Introduction
TiO 2 has been widely used as a promising photocatalyst for water splitting and hydrogen production due to its high photocatalytic activity, resistance to photocorrosion, photostability, low cost and non-toxicity [1, 2] . Unfortunately, the range of optical absorption of TiO 2 is limited to the ultraviolet region due to its large band gap (3.0 eV for rutile and 3.2 eV for anatase), which occupies only about ~5% of the whole solar photon spectrum. In recent decades, anion doping of TiO 2 with nonmetal elements like nitrogen [3] [4] [5] and carbon [6, 7] has been investigated widely to narrow the band gap of TiO 2 and to shift the optical absorption edge to the visible-light region. Doping with metal elements, such as Cr and Sb, has also received much attention [8, 9] , which serves to reduce electron-hole recombination in the Cr-Sb codoped case or to create oxygen vacancies for
Cr-doping.
For cation-modified titania, doping with non-metal cation species has attracted considerable attention recently. Ohno et al. reported that S 4+ were incorporated as 2 cations and replaced Ti 4+ in S-doped TiO 2 [10, 11] and showed photocatalytic activity under visible light and stronger visible light absorption than N, C, and S anion-doped TiO 2 . Yu et al. [12] synthesized S 6+ -doped TiO 2 , the band gap narrowing in which should be similar to conventional transition metal doping. Certainly, S can also be doped in an ionic state into TiO 2 to give photocatalytic activity under visible light irradiation [13] . Recently, Lin et al. reported that P-cation doped anatase TiO 2 nanoparticles had high photocatalytic activity with respect to pure samples under visible light [14] . The impurity was shown to be in a pentavalent-oxidation state (P 5+ ) according to XPS and with the form of Ti-O-P as identified by FT-IR. They claimed further that the doped P 5+ replaced part of Ti 4+ rather than incorporation in the form of PO 4 3in the anatase lattice [15] . On the other hand, Lin et al. reported that P-doped TiO 2 with P in a lower oxidation state narrowed the band gap by about 0.13 eV compared to pure TiO 2 and that the absorption tail is in visible light region [16] .
However, Yu et al. reported that P-modified TiO 2 leads to a blue-shift due to enlargement by 0.07 eV of the band gap [17] .
Since most of the photoreactivity properties of materials are related to surface processes, the analysis of doping at the surface is of great significance. It has been shown that surface defects play an important role in the chemistry of TiO 2 [18, 19] .
Therefore, the surface characteristics of a photocatalyst should be closely related with its photocatalytic performance. In surface science, the rutile TiO 2 (110) surface has become the most studied oxide surface, and it generally used to model TiO 2 catalytic properties under ultrahigh vacuum conditions [20, 21] . Therefore, in this paper, we 3 present a systemic investigation on the energetic and electronic properties of P impurities incorporated by substitutional and adsorptive mechanisms into the rutile (110) surface.
To obtain a comprehensive understanding of P-doped rutile (110) surface, we performed DFT calculations to investigate the effects of P doping on the energetic and electronic structure. Various substitutional and adsorptive P configurations at the surface and the subsurface layers were considered. The stability of these different P doping models was compared according to their formation energies and adsorption energies. The influence of P dopants on the electronic properties of P-doped rutile (110) surfaces is systemically discussed. In addition, the interaction between P impurities and surface oxygen vacancies have a positive effect on photocatalytic activity under visible light，by consideration of their electronic structures. Our theoretical analysis provides a possible explanation for the modification of band gap reported by different experiments with P anion and cation doping [14] [15] [16] [17] .
Computational Details
All of the spin-polarized DFT calculations were performed using the projector augmented wave (PAW) pseudopotentials in the Vienna ab initio Simulation Package [22, 23] (VASP). The Perdew and Wang parametrization [24] of the generalized gradient approximation [25] was adopted for the exchange-correlation potential. The electron wave function was expanded in plane waves up to a cutoff energy 400 eV and a Monkhorst-Pack k-point mesh [26] 
The following was used to calculated the adsorption energy E ad for adsorptive doping ) and the chemical potential of Ti was taken again as that of one atom in bulk Ti. The chemical potential P  was calculated from the formula 4 10 
Results and Discussion

P Implantation on Rutile TiO 2 (110) Surface
In this section, our main concern is to establish whether substitution at the surface is favored with respect to the substitution in sub-layers. We consider two kinds of P 
A. Substitutional P Doping
The formation energies of the different substitutionally doped systems are summarized in Table 2 . It indicates that sites may be ordered based on thermodynamic favorability of adsorption: (1) Table 2 For the Ti 6c case (cf. Figure 2 
B. P Adsorption on Rutile TiO 2 (110) Surface
For P adsorption at rutile Top-Ti 6c case is the most stable system with a value of 8.58 eV and the Top-Ti 5c is the least stable system with an adsorption energy of 12.74 eV on the rutile (110) surface.
Hence, we will discuss the electronic structures of Top-Ti 6c model. The total electron density is presented in Figure 2 (e), which shows the formation of two strong P-O (1.558 Å) bonds between P and adjacent to two surface bridging O atoms. On the other hand, the bond between the P atom and the sixfold coordinated Ti atom (Ti 6c ) is weak (i.e., a P-Ti bond length of 2.782 Å). This suggests that P is in a cationic state.
The Bader charge on the P dopant supports the viewpoint further, whose value is 3.73 e. The DOS shows that the CBM exhibits no shift while the top of the valence band moves to a high energy region, leading to an increase in the band gap by about 0.06 eV with the respect to the perfect surface (cf. Figure 5 
Interaction between P and Surface Oxygen Vacancies on Rutile TiO 2 (110)
Surface
The reactivity of the rutile TiO 2 (110) surface is highly influenced by oxygen vacancies. Furthermore, the most frequently occurring vacancies correspond to 13 surface bridging oxygen atoms. In this section, our main aim is to investigate whether the bridging oxygen vacancy serves to promote or hinder P substitution and adsorption. Therefore, we have calculated the formation and adsorption energies for P anion-and cation-doping on nonstoichiometric rutile TiO 2 (110) surfaces. Moreover, we have analyzed the influence of interaction between P impurities and oxygen vacancies on the electronic properties of P-doped systems based on these thermodynamic considerations.
A. Substitutional and Adsorptive P Doping on Reduced Rutile TiO 2 (110) Surface
It should be noted that reduced surface corresponds to O-poor conditions due to an oxygen deficiency. Therefore, we have calculated the formation and adsorption hybridized states were found to lie in the band gap and electron transfer from the P impurity states to the states above the E F will be reduced to a maximum value of around 0.51 eV, although the host band gap broadens with respect to perfect surface.
This indicates that the interaction between P and the oxygen vacancy will extend to visible light wavelength and enhance the photocatalytic activity. For the Top-Ti 6c (P-cation adsorbed) system (cf. Figures 6 (d) and 4(d') ), the DOS shows that two impurity states lie in the band gap and the Fermi level E F is pinned to the conduction band, indicating that both of the two states are fully occupied. Therefore, electron transfer from the upper P 3p gap states to the states above E F would require at least 0.94 eV, suggesting that the electron transition energy should be reduced by around 0.44 eV with respect to the perfect surface. These findings suggest that the interplay between P impurities and oxygen can lead to apparently obvious enhancements in the visible light absorption region and photocatalytic activity.
Conclusions
In this study, we have presented a comprehensive calculation of the effects of P Huang, B. B. J.Phys. D: Appl. Phys. 2008, 42, 
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